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E-mail address: verjo@iq.usp.br (S. Verjovski-AlmeSchistosoma mansoni is one of the agents of schistosomiasis, a chronic and debilitating disease. Here we
present a transcriptome-wide characterization of adult S. mansoni males by high-throughput RNA-
sequencing. We obtained 1,620,432 high-quality ESTs from a directional strand-speciﬁc cDNA library,
resulting in a 26% higher coverage of genome bases than that of the public ESTs available at NCBI. With
a 15-deep coverage of transcribed genomic regions, our data were able to (i) conﬁrm for the ﬁrst time
990 predictions without previous evidence of transcription; (ii) correct gene predictions; (iii) discover
989 and 1196 RNA-seq contigs that map to intergenic and intronic genomic regions, respectively, where
no gene had been predicted before. These contigs could represent new protein-coding genes or non-cod-
ing RNAs (ncRNAs). Interestingly, we identiﬁed 11 novel Micro-exon genes (MEGs). These data reveal
new features of the S. mansoni transcriptional landscape and signiﬁcantly advance our understanding
of the parasite transcriptome.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Schistosomiasis is a chronic and debilitating disease that occu-
pies the second position in the rank, only behind malaria, in terms
of morbidity and mortality (Fenwick et al., 2009). The disease is
caused by an endo-parasite of the Schistosoma genus and Schisto-
soma mansoni is the prevalent species in the Americas, Africa and
Middle-East (WHO, 2002). Early studies estimated the S. mansoni
genome had a GC content of 34% (Hillyer, 1974), with 4–8% highly
repetitive sequences, 32–36% moderately repetitive sequences and
60% single copy sequences (Le Paslier et al., 2000; Simpson et al.,
1982).
S. mansoni has a complex genome with 363 million bases
arranged in eight pairs of chromosomes, seven autosomal pairs
and one pair of sex chromosomes. Recent sequencing efforts by
the Wellcome Trust Sanger Institute/TIGR with 8 coverage re-
sulted in an assembly of 5745 genomic scaffolds larger than 2 kilo-
bases (kb) (Berriman et al., 2009). This genomic information has an
unprecedented value, serving as a reference for several Schistosoma
studies. One of the most exciting possibilities generated by the
genome sequencing is the availability of a near complete descrip-
tion of the gene complement of the parasite. To this end, the S.sevier OA license. 
de Bioquímica, Instituto de
restes 748, sala 1200, 05508-
ida).mansoni genome was annotated using EVidenceModeller and PASA
(Haas et al., 2008), resulting in 11,809 putative predicted genes
encoding 13,197 transcripts. Despite the evident value of such re-
source, in silico predictions are not expected to be totally correct
(Haas et al., 2008), especially if we consider the limited available
information regarding both transcriptional activity and S. mansoni
splice signals. Given this complex scenario, it is difﬁcult to evaluate
the present prediction level of accuracy. Only with accumulation of
further transcript sequences followed by their mapping will permit
the complete description of S. mansoni genes and give further in-
sights into functional genomics (Verjovski-Almeida et al., 2004).
S. mansoni ESTs sequencing has been performed by several
groups and permitted the accumulation of around 40 thousand se-
quences in the late 90’s and early 2000’s (Franco et al., 1995, 1997;
Merrick et al., 2003). The largest contribution to accumulation of
EST data was made in 2003 by a sequencing project that generated
163,586 ESTs from cDNA libraries from six developmental stages
(Verjovski-Almeida et al., 2003). The ESTs were assembled into
30,988 contigs (SmAEs – Schistosoma mansoni Assembled EST se-
quences), which resulted in 92% sampling of an estimated 14,000
genes complement of S. mansoni (Verjovski-Almeida et al., 2003).
Despite the relatively high transcript sampling achieved, coverage
of transcripts was still fragmentary, as evidenced by the approxi-
mately 2.2 contigs per gene obtained in the ESTs assembly. More-
over, the available EST data was used as one of the components for
the modeler to provide S. mansoni gene predictions in the genome
project (Berriman et al., 2009), however the exact weight given to
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servation was not described.
Recent advances in next-generation sequencing technology
promise to accelerate the acquisition of sequences and diminish
the cost of sequencing of large and complex genomes as well as
of transcriptomes (Pennisi, 2011; Shaffer, 2007). In the present
work, we used Roche 454 pyrosequencing to explore the S. mansoni
adult male transcriptome (RNA-seq). We used the most recent ver-
sion of the genome sequence assembly (ftp://ftp.sanger.ac.uk) for
mapping and annotation of Roche 454 sequences. This analysis
permitted us to evaluate the accuracy of the present gene predic-
tions and the potential of RNA-seq to provide a more complete
description of the S. mansoni genes.2. Materials and methods
2.1. Schistosoma mansoni genomic information
In this work, we used information available (December 2010) in
the public data repository at ftp://ftp.sanger.ac.uk/pub/databases/
Trematode/S.mansoni/genome/GFF/Smansoni.tar.gz. This ﬁle con-
tains the most recent version of the S. mansoni genome with
19,022 scaffolds (Berriman et al., 2009), as well as the current up-
dated annotations (compatible with Sanger Institute GeneDB web-
site – http://www.genedb.org/Homepage). These data were
provided by the Parasite genomics (Helminths) group at the Well-
come Trust Sanger Institute and can be obtained at the above
folder in ftp://ftp.sanger.ac.uk.2.2. PolyA+ RNA preparation
Approximately 200 adult S. mansoni males freshly obtained
from hamsters infected with mixed-sex parasites were collected
by periportal perfusion (Pellegrino and Brener, 1956); males were
separated from females by keeping the parasites in 150 mm cul-
ture dishes (Corning, #430599) using Advanced RPMI Medium
1640 (Gibco, #12633-012) supplemented with 10% heat-
inactivated calf serum (freshly added), 12 mm Hepes (4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid) pH 7.4, and 1%
antibiotic/antimycotic cell culture mixture (Gibco, #15240-096)
at room temperature for a period of 15–30 min. Infected hamsters
were maintained at Instituto Adolfo Lutz that approved the study,
and the experimental procedures were conducted adhering to the
institution’s guidelines for animal husbandry. PolyA+ RNA was ex-
tracted from adult males using two rounds of FastTrack MAG Maxi
mRNA Isolation Kit (Invitrogen), essentially as directed by the
manufacturer, with the following modiﬁcations: treatment with
10 U of DNase I, Ampliﬁcation Grade (Invitrogen), for 10 min at
room temperature and six washings at the ﬁnal washing step be-
fore elution. RNA was quantiﬁed using the Quant-iT RiboGreen
RNA Reagent (Invitrogen) and assessed for integrity by electropho-
resis with Bioanalyzer RNA Pico LabChip (Agilent Technologies).
PolyA+ RNA samples (500 ng) were heat-fragmented to approxi-
mately 1000 nt by incubating for 1 min 30 s at 82 C in Fragmenta-
tion Buffer (40 mM Tris–Acetate, 100 mM Potassium Acetate,
31.5 mM Magnesium Acetate, pH 8.1) and immediately thereafter
transferred to ice to stop the fragmentation reaction. Fragmented
RNA was further puriﬁed with RNAClean (Agencourt) as per the
manufacturer’s directions, except for the amount of beads that
was reduced to 1.6 the volume of the sample. After puriﬁcation,
5 ng of fragmented polyA+ RNA were evaluated on an RNA 6000
Pico Lab Chip on the 2100 Bioanalyzer (Agilent Technologies) and
compared to a non-fragmented sample to conﬁrm fragmentation.2.3. cDNA library preparation
In brief, ﬁrst strand cDNA libraries were prepared from 500 ng
of polyA+ heat-fragmented RNA using Superscript III (Invitrogen)
and random primers. Modiﬁed directional adaptors containing
454 Titanium adaptor A and B sequences were ligated to the sin-
gle-stranded cDNAs. The resulting single-stranded adapted cDNA
libraries were PCR ampliﬁed and further puriﬁed, resulting in
dscDNA libraries. Detailed procedures are described in Supplemen-
tary methods.
2.4. Pyrosequencing and data processing
Directional dscDNA libraries were sequenced from the 30-end of
RNA using the emPCR Titanium Kit and Titanium Sequencing Kit on
a Roche 454 Genome Sequencer FLX instrument following the
manufacturer’s instructions (Margulies et al., 2005). Data process-
ing used standard 454 software procedures to generate nucleotide
sequences and quality scores for all reads. High-quality (minimum
phred score 20) trimmed reads were generated. Sequence data
were FASTA formatted.
2.5. Data analysis
In order to map sequences to the genome, Blat v34 (Kent, 2002)
was used to align all NCBI public S. mansoni ESTs and our 454 high-
quality S. mansoni ESTs (RNA-seq ESTs) against the genome project
(Berriman et al., 2009) scaffolds (only those larger than 2000 bp).
Blat identiﬁes the putative splicing pattern inside the ESTs and
the generated mapping reports are presented using formats very
suitable to be parsed by scripts. For both datasets, only alignments
with more than 80% identity and minimum score of 40 were ac-
cepted as a ﬁrst screening. The low score threshold used in this ini-
tial step takes into account that both datasets have short sequences
with less than 50 bp.
On account of the presence of gene families and protein domain
conservation, an EST could have multiple hits when aligned with
the Blat tool to the S. mansoni genome. pslCDnaFilter tool (UCSC –
available at http://hgdownload.cse.ucsc.edu/admin/exe/) was used
to choose the best alignment among those with a minimum of 90%
Blat identity and a minimum Blat coverage of 75%. If there was a tie
among the best hits, an adjusted gap score, adapted from that sta-
ted in Blat website, was applied (number of matches  number of
mismatches  log2 (number of query inserts + number of target in-
serts + 1)). If still there was a tie, one was chosen randomly. The
above formula weights for one-exon ESTs and avoids accepting
ESTs whose mappings are scattered onto the genome. The selected
alignments were further adjusted in a way that putative introns of
<30 nt were coalesced to the ﬂanking exons. In the entire analysis,
NCBI public S. mansoni ESTs were considered as sequences of
unknown transcription orientation and, therefore, mappings on
different genome strands were not discriminated. On the other
hand, the RNA-seq ESTs were generated with a directional method
and therefore alignments on the genomic plus strand were sepa-
rated from alignments on minus strand.
A second set of alignments was created decreasing the coverage
parameter of pslCDnaFilter to 15%. The resulting alignments with
Blat coverage ranging from 15% to 75% were separated and assem-
bled using Newbler 2.5 p1 (Kumar and Blaxter, 2010), an approach
that could reveal genome assembly problems, genes in scaffold
borders or simply EST quality problems and artifacts, besides even-
tual Blat limitation to ﬁnd the whole alignment.
All the ESTs that aligned with the genome at coverage <15%
regardless the Blat identity were ﬁnally assembled with Newbler
2.5 p1. This second assembly may reveal new Schistosoma genes
absent in the current version of the genome as well as contamina-
24 G.T. Almeida et al. / Experimental Parasitology 132 (2012) 22–31tions and other sequencing artifacts. The above assemblies with
Newbler were performed with standard default parameters and
the -cdna option, necessary for EST assembly. Annotation of out-
of-the-predictions and out-of-the-genome EST assemblies was per-
formed using standard NCBI Blast (Altschul et al., 1990) against
NCBI NT (nucleotides – BlastN with low complexity region ﬁltering
ﬂag set and e-value threshold of 1e10) and NR (proteins – BlastX
with low complexity region ﬁltering ﬂag set and e-value threshold
of 1e5) databases. Additionally, an alignment of subsets of ESTs
against the genome transcript predictions was performed with Blat
(with option – fastMap set. i.e., not allowing introns). This step was
necessary to complement genomic coverage analysis and evalua-
tion of the correct directionality of cDNA library preparation and
sequencing. The pipeline also comprised several homemade Perl
scripts.3. Results
3.1. RNA-seq acquired sequences
RNA-seq by pyrosequencing was performed with adult male
RNA samples. A total of 1,620,432 high-quality ESTs with
average length = 232 nt (40–1433 nt) was obtained, totaling
376,022,395 nt. Quantitative data related to the sequencing runs
are presented in Table 1. For comparison, the S. mansoni ESTs data-
set publicly available at NCBI was composed of 205,892 ESTs with
average length = 377 nt (15–1421 nt) and a total size of
77,666,468 nt. The RNA-seq dataset is 5-fold larger than the public
NCBI data. RNA-seq data was deposited at NCBI SRA (Short Read
Archive) division with accession number SRA030439 and further
analyzed with Blat alignment to the genome, as described below.3.2. Genomic coverage by RNA-seq from S. mansoni adult worms
In order to ﬁnd the single best alignment for each RNA-seq ESTs
(and of NCBI reads) to the genome (within scaffolds larger than
2 kb) we used Blat search with stringent parameters (identity
P90% and coverage P75%) resulting in the alignment to the gen-
ome of 1,422,955 RNA-seq ESTs (88% of the total) and of 177,639
NCBI ESTs (86% of the total). In spite of the stringent parameters,
multiple top alignments were produced: an average of 4.8 align-
ments per RNA-seq EST and an average of 2.6 alignments per NCBI
EST. It is noteworthy that both datasets resulted in the same frac-
tion of aligned sequences (86–88%), signaling that 12–14% S. man-
soni transcribed reads were not represented in the current version
of the genome.
A Perl script implementing an alignment score, based on the
logarithm of query and target gap counts, was used to elect the
best genomic alignment for each EST (see Section 2). This step re-
sulted in each of the 1,422,955 RNA-seq ESTs (and 177,639 NCBI
ESTs) uniquely aligned onto the S. mansoni genome within scaf-Table 1
General data related to the Roche 454 sequencing runs.
Roche 454
Plate
number
Number
of reads
% Of reads with >5%
wrong bases per
read
Total
number of
nt bases
Average
read length
(nt)
F3OJY3D01 130,876 0.3 12,163,353 93
F3OJY3D02 149,016 0.1 15,529,411 104
F7KOKND03 140,765 0.3 30,735,780 218
GBS495Z01 394,809 0.2 109,449,082 277
GBS495Z02 465,600 0.2 127,277,505 273
GDEH89M01 158,741 0.2 37,506,059 236
GDEH89M02 180,625 0.2 43,361,205 240
Total 1,620,432 376,022,395 232folds larger than 2 kb. These uniquely aligned RNA-seq ESTs were
comprised of a total of 336,674,228 nt and covered 21,801,207
genome bases, resulting in a 15-deep coverage. The RNA-seq se-
quences produced a 26% higher coverage of genome bases than the
public ESTs available at NCBI (which covered 17,298,362 genome
bases).
Finally, there were 76,976 RNA-seq (and 10,731 NCBI) EST se-
quences with partial alignment to the genome (with Blat identity
P90% and 15% 6 coverage 675%) as well as 120,501 RNA-seq ESTs
(and 17,522 NCBI ESTs) with no alignment.
3.3. Transcript proﬁling by strand-speciﬁc directional 30-end
sequencing
Whenmapping expressed transcript sequences to a genome it is
of great value to have the direction of transcriptional activity, i.e.,
to be able to uniquely map the transcript to either the plus or
minus genomic strand. This information is important to resolve
overlapping protein-coding messages on the two strands. To allow
strand-speciﬁc mapping, it is imperative that directionality infor-
mation contained in single-stranded RNA is preserved in the
resulting cDNA library reads. There was no strand-speciﬁc direc-
tional method for Roche 454 cDNA library construction. Therefore,
here we have developed and optimized a directional strand-
speciﬁc cDNA library construction method suitable for the 454
GS-FLX Titanium sequencing protocol, which was adapted from
the method described by Maher et al. (2009) for construction of
directional libraries. Essentially, single-stranded cDNA was gener-
ated from the RNA template with reverse transcriptase, and direc-
tional double-stranded adaptors with modiﬁed-protected bases at
their ends were ligated to the sscDNA, as detailed in Supplemen-
tary methods. Adaptor A, which is used for priming the Roche
454 sequencing reaction, was ligated at the 50-end of sscDNA (30-
end of RNA) whereas adaptor B was ligated at the 30-end of sscDNA.
It is known that reverse transcriptase has a tendency to gener-
ate spurious second-strand cDNA based on its DNA-dependent
DNA polymerase activity (Spiegelman et al., 1970). Priming of
ﬁrst-strand cDNA could occur by either a hairpin loop at its 30
end or by re-priming, from either RNA fragments or from the pri-
mer used for the ﬁrst-strand synthesis (Gubler, 1987). In order to
estimate the fraction of 454 RNA-seq EST sequences that could
arise from reverse transcriptase spurious second-strand cDNA,
we looked for RNA-seq ESTs that mapped to the genome within a
predicted protein-coding gene with splicing, i.e., covering two or
more exons, thus pointing to possible inverted intron acceptor/do-
nor splicing sites. A total of 98,816 spliced RNA-seq ESTs mapped
to gene predictions, of which 93,776 (95%) were in the same orien-
tation of gene predictions and 5040 spliced RNA-seq ESTs (5%)
mapped in the reverse orientation, thus suggesting that the
directional strand-speciﬁc method described here is subject to an
overall 5% rate of artifacts probably arising from spurious
second-strand reverse transcription.
3.4. Saturation of the adult male transcriptome by RNA-sequencing
Fig. 1 presents the RNA-seq and NCBI ESTs coverage of S. man-
soni genome bases at different fractions of each EST database. For
each dataset, mapped sequences were randomly divided into 10
different sub-sets and genome coverage was computed as a func-
tion of the increasing number of mapped ESTs sub-sets. The curve
in Fig. 1 suggests that generation of additional RNA-seq ESTs from
adult male parasites probably would not improve considerably the
genome base coverage. It is noteworthy that NCBI ESTs were
derived from six different S. mansoni life-cycle stages (Verjovski-
Almeida et al., 2003) and genome base coverage seemed to have
almost reached saturation with the over 200,000 ESTs available;
Fig. 1. Genome base coverage by RNA-seq and NCBI sequences at different fractions
of each dataset. Each dataset was randomly divided into 10 different sub-sets and
genome coverage was computed as a function of the increasing number of mapped
ESTs sub-sets.
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sites, has resulted in a 26% higher coverage. The most relevant dif-
ference between the two datasets is that for the NCBI publicly
available ESTs the cDNA libraries were normalized (Franco et al.,
1995; Verjovski-Almeida et al., 2003) and ESTs were preferentially
sequenced from the center of the messages (Neto et al., 2000;
Verjovski-Almeida et al., 2003) whereas for RNA-seq we have not
used any cDNA library normalization method and the sequences
were distributed more evenly along the genes; the data suggests
that deep-sequencing RNA-seq approach allows for a more com-
prehensive description of expressed genes. It is interesting to note
that publicly available Schistosoma japonicum ESTs were obtained
from non-normalized cDNA libraries (Hu et al., 2003; Liu et al.,
2006) which have detected in S. japonicum a number of gene
homologs that were ﬁrst sequenced in S. mansoni in the present
work (see Sections 3.5 and 3.7 below), suggesting that the lack of
normalization may play an important role in preserving gene
diversity representation of cDNA libraries.
We have further checked if ESTs from genes known to be related
to male adult worms appeared in the RNA-seq dataset. For this
qualitative analysis, two literature references were used to check
if gender (Fitzpatrick et al., 2005) and life stage (Jolly et al., 2007)
characteristic genes appeared. This analysis was not extensive
and the goal was to check if an important gene could be missing.
Both works made available oligonucleotide sequences or consen-
sus sequences representing the genes of interest. We aligned
RNA-seq ESTs against both datasets and counted reference se-
quences from these two papers that were not sampled by RNA-seq.
Among the 108 oligonucleotide-sequences listed as male se-
quences in the Supplementary material of Fitzpatrick et al.
(2005), 11 did not have correspondent RNA-seq ESTs. Three of
the 11 oligonucleotides did not align with the genome or with gene
predictions. The remaining eight oligonucleotides aligned uniquely
with gene predictions, and these predictions aligned with RNA-seq
ESTs (Blat identityP95% and coverageP95%), showing that RNA-
seq reads and the oligonucleotide reference sequence covered dif-
ferent regions of the same male genes. Therefore all male associ-
ated genes of this work (Fitzpatrick et al., 2005) have ESTs in the
RNA-seq dataset.
For the life stage genes (Jolly et al., 2007), a similar analysis was
performed. A total of 240 oligonucleotide probes designed over
TIGR tentative consensus (TC) release 5 (http://compbio.dfci.har-
vard.edu/cgi-bin/tgi/gimain.pl?gudb=s_mansoni) were associated
to genes expressed in adult worms (Jolly et al., 2007). A ﬁrst Blat
alignment (P95% Blat identity and minimum Blat score 38) re-
sulted in 160 probes having correspondent RNA-seq ESTs. The
remaining dataset of 80 probes that did not have RNA-seq ESTs in-
cluded 22 probes that are absent from the genome scaffolds.Genome full-length gene predictions related to the remaining 58
probes were retrieved and checked if RNA-seq ESTs aligned with
them. Of these 58 probes, (a) 26 probes were related to gene pre-
dictions with RNA-seq ESTs aligned to them, again showing that
probe and RNA-seq had covered different regions of the same
full-length gene prediction; (b) 8 probes were part of gene predic-
tions not sampled by RNA-seq ESTs; and (c) 24 probes did not align
with gene predictions. The complete TC sequences of these 24 last
probes were retrieved and checked against the RNA-seq database;
8 TCs did not align with RNA-seq. Considering that the work of
Jolly et al. (2007) had analyzed adult male and female worms, it
is likely that the 16 genes absent from our RNA-seq dataset should
be speciﬁc to female worms. It is interesting to note that none of
these 16 genes were considered female speciﬁc in the above
Fitzpatrick et al. study (2005). The list of 8 Smp predictions and
8 TCs detected with enriched expression in adults (Jolly et al.,
2007) and not sampled by RNA-seq in males (present study) is
presented in Supplementary document 1.
3.5. RNA-seq and genome annotation: predictions were newly
conﬁrmed by ESTs
The current genome annotation includes 13,207 predicted
genes (Berriman et al., 2009). We have looked for gene predictions
without EST conﬁrmation by ﬁrst aligning NCBI public ESTs against
them. A direct, less stringent alignment of the ESTs against tran-
script predictions (Blat identity P75% and BlastN e-value thresh-
old 1010) revealed that 10,371 predictions were conﬁrmed by
160,026 NCBI ESTs, which covered 11,627,752 nt. Lower stringency
was adopted in this approach in order to tackle the repetitive nat-
ure of the genome and conservatively estimate the newly con-
ﬁrmed predictions by RNA-seq ESTs. Prediction coverage in this
section was computed from all the multiple alignments of ESTs
on the predictions. Also, in this section we considered predictions
of all scaffolds. It is apparent that there were 2836 gene predictions
from the genome project (Berriman et al., 2009) without any pre-
vious conﬁrmation from ESTs in the public domain dataset.
Next, we turned to our RNA-seq ESTs to ﬁnd which gene predic-
tions had evidence of expression in adult male parasites. For this
purpose, we used the stringent alignment parameters described
in Section 3.2 above, which resulted in each of 931,547 RNA-seq
ESTs uniquely aligned onto the S. mansoni genome within a total
of 9928 predictions. The complete list of these Smp predicted
genes that have been sampled by RNA-seq ESTs and the RNA-seq
counts for each gene is shown in Supplementary Table 1. These
RNA-seq ESTs have covered 8,296,866 nt.
A total of 8938 predictions were covered by ESTs from both the
public and the present RNA-seq datasets (within these predictions
6,475,063 nt were common to both datasets, 4,496,438 nt were
exclusive from NCBI ESTs and 1,487,342 nt exclusive from RNA-
seq ESTs). It is apparent that NCBI and RNA-seq ESTs overlap to
some extent; nevertheless, they cover different segments of the
same predicted genes.
Interestingly, 990 predictions (334,461 nt) had their expression
in adult male worms conﬁrmed for the ﬁrst time by RNA-seq ESTs
(Supplementary Table 2), out of 2836 predictions without any pre-
vious EST conﬁrmation. These 990 newly conﬁrmed predictions
comprise 6014 matched RNA-seq ESTs representing an average of
6.1 RNA-seq ESTs per prediction. Distribution of the number of
RNA-seq ESTs per prediction is presented in Fig. 2. It is apparent
that 67% of these genes newly conﬁrmed as expressed in adult
male parasites have 2 or more ESTs per prediction, and some 16%
of them seem to be more highly expressed, with 11 to more than
60 ESTs per gene.
The top 20 most highly expressed Smp predicted genes with no
previously detected ESTs are presented in Table 2. It is noteworthy
Fig. 2. Distribution of newly conﬁrmed gene predictions as a function of the
number of RNA-seq ESTs per gene. Distribution shows the number of predicted
genes that had no previous conﬁrmation of expression by public NCBI ESTs and
have now been conﬁrmed by RNA-seq ESTs. Each column shows the number of
predicted genes having the amount of RNA-seq ESTs per gene that is indicated in
the x-axis.
Table 2
List of top 20 most highly expressed predicted genes with no previous ESTs in the
public NCBI dataset.
# Prediction # RNA-seq
ESTs
Annotation
1 Smp_195100 115 U6 snRNA-associated sm-like protein
Lsm2
2 Smp_178560 87 Hypothetical protein
3 Smp_167280 68 Hypothetical protein
4 Smp_052500 59 Hypothetical protein
5 Smp_188580 58 Hypothetical protein
6 Smp_124520 58 Hypothetical protein
7 Smp_187260 55 Hypothetical protein
8 Smp_158890 52 Hypothetical protein
9 Smp_152970 52 Hypothetical protein
10 Smp_147770 49 Hypothetical protein
11 Smp_118220 48 Ubiquitin-conjugating enzyme rad6
putative
12 Smp_036660 47 Hypothetical protein
13 Smp_124290 44 Hypothetical protein
14 Smp_054470 44 Thioredoxin Trx2 with Pfam:PF00085
15 Smp_142520 42 Zinc ﬁnger protein putative
16 Smp_123080 42 Sarcoplasmic calcium-binding protein -
SCP-putative
17 Smp_174660 39 Hypothetical protein
18 Smp_170280 39 Integrin alpha-ps putative
19 Smp_032790 37 Hypothetical protein
20 Smp_026340 37 Hypothetical protein
Fig. 3. Smp_156170 new 30-end exon conﬁrmed by RNA-seq high-quality
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without previous EST evidence are annotated as ‘‘hypothetical’’,
i.e., there are no homologous genes from other species in GenBank.
To check if these 990 predictions newly conﬁrmed as expressed in
S. mansoni adult males had evidence of expression in S. japonicum,
we cross-referenced them to 103,725 NCBI public S. japonicum
ESTs (as of December 2010) using Blat (Blat identity P75% and
EST coverage P0.9 and validated with Blast); 346 S. mansoni pre-
dictions with newly conﬁrmed expression in male had previous
evidence of expression in S. japonicum public ESTs database (Hu
et al., 2003; Liu et al., 2006).sequences. The ﬁgure shows the relative positions of several elements aligned to
the sequence of a portion of Smp_scaff000191 represented by a thin line at the top
of the ﬁgure; labeled marks represent the base-pair coordinates of the genomic
sequence in the scaffold. (A) Shows the original Smp_156170 prediction at its 30-
end (exons 11–13; solid black boxes). (B) Shows Smp_156170 corrected exon
(white box); in the new gene structure, exon 11 was extended by 1199 nt at the 30-
end and a new STOP codon was identiﬁed 3584 nt downstream of the beginning of
the extended exon, adding 54 amino acids to the C-terminal end of the protein.
Exons 12 and 13 were eliminated from the prediction. (C) Shows RNA-seq ESTs
(dark gray) and publicly available NCBI ESTs (light gray) that were used for
correcting the original prediction.3.6. RNA-seq provided adjustments to previous genome annotations
It is important to evaluate the correctness of a full-length gene
prediction, as investigators frequently use it to design PCR primers
for cloning the cDNA messages of interest. Having this in consider-
ation, the most critical information is the correct prediction of the
extremities of messages. In order to identify adjustments to thecurrent annotation, especially at the 30-end of messages, which is
favored by the RNA-seq method used here, all genome mapped
ESTs were clustered according to their genomic coordinates and
the resulting exons were compared to the current exon annotation.
Clustered ESTs-to-genome mapping identiﬁed 114,502 exons in
the RNA-seq ESTs (the 1,422,955 RNA-seq ESTs are composed of
1,053,438 non-spliced one-exon ESTs, and 369,517 spliced n-exon
ESTs). In parallel, we mapped NCBI ESTs, which resulted in 62,415
exons (the 177,639 NCBI ESTs are composed of 97,464 one-exon
ESTs, i.e., ESTs mapped with no splicing, and 80,175 spliced n-exon
ESTs).
Concerning exons positioning with respect to predicted genes,
76,738 exons of RNA-seq ESTs were mapped to predicted gene loci,
19,552 to within 5 kb in the ﬂanking regions around gene loci (rep-
resenting putative UTR sequences), and 18,212 exons were
mapped to intergenic regions of the genome, devoid of previous
gene annotations. For the NCBI sequences, 50,988 exons were
mapped to predicted gene loci, 5711 were mapped to within 5 kb
in the ﬂanking regions around gene loci (representing putative
UTR sequences) and 5716 exons mapped to intergenic regions.
A detailed analysis of exon mapping revealed that 9520 exons
conﬁrmed by RNA-seq are different from those contained in gene
predictions; among them a number of 30-end exons from predic-
tions were not conﬁrmed by RNA-seq and would not provide
useful information for primer design and PCR ampliﬁcation of the
full-length coding-region.
Fig. 3 shows an example of a new 30-end exon conﬁrmed by
RNA-seq high-quality sequences. Smp_156170 predicted gene is
annotated as hypothetical protein, and it has an ARID/BRIGHT
(pfam 01388) AT-rich interactive domain (Kegg K11653 orthology
annotation) with a DNA-binding motif. The predicted gene has 13
exons (mapped to Smp_scaffold_000191) and encodes a 2565 ami-
no acid protein. Fig. 3 (part A) shows the 30-end (exons 10–13) of
the original Smp_156170 prediction. Fig. 3 part B shows
Smp_156170 corrected exons; in the new gene structure the
third-to-last exon (exon 11) was coalesced with the second-to-last
exon (exon 12). The 4 ESTs that were used to correct this gene gap,
wrongly assigned as an intron, were at NCBI from a previous
sequencing project (Verjovski-Almeida et al., 2003). A total of
192 RNA-seq ESTs were used to correct the 30-end of this predic-
tion (some of these RNA-seq ESTs are shown in Fig. 3 part C). The
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codon was identiﬁed in relation to the original prediction, adding
54 amino acids to the C-terminal end of the protein. As a conse-
quence, exons 11 and 12 were coalesced and exon 13 from the pre-
diction was eliminated.
We searched for RNA-seq ESTs mapped to within the 5 kb ﬂank-
ing region of predicted genes as a strategy to identify possible new
predicted 30-end candidates; a total of 92,509 candidate 30-end
RNA-seq ESTs were found: they are a sub-set of the 211,863 se-
quences that are mapped to the same genome strand as the pre-
dicted gene. One example of a RNA-seq EST that has identiﬁed a
new exon within 1830 nt downstream of the last predicted exon
is presented in Fig. 4. This RNA-seq EST has been predicted by
the Augustus gene predictor to be part of exons 13 and 14 of the
ORF coding region of Smp_145320 corrected sequence; the new
prediction eliminates previously predicted exon 13 (Fig. 4A and
B). It should be noted that Smp_145320 has 2115 nt, and there
was one public NCBI EST only covering 77 nt. It has been annotated
as a putative sulfate transporter. The new 30-end exons have been
conﬁrmed by 9 RNA-seq ESTs (Fig. 4C).3.7. RNA-seq has conﬁrmed new transcribed loci in the genome
In order to detect new putative transcribed loci in intergenic re-
gions of the genome, devoid of previous gene predictions, we per-
formed a per-scaffold assembly of RNA-seq ESTs with Newbler 2.5
p1 (Kumar and Blaxter, 2010). Assembled contigs are larger than
single ESTs and are expected to better represent transcripts. We re-
trieved all RNA-seq ESTs mapped (with the Blat aligner) uniquely
to a given scaffold (among the 1,422,955 aligned RNA-seqs) and
assembled them, thus generating contigs and singlets per scaffold.
For the present analysis of new intergenic transcribed loci, we used
only the assembled contigs (not the singlets). A total of 12,025
RNA-seq EST contigs were obtained, which were comprised of
981,289 ESTs. They were mapped back to the genome scaffolds
using Blat; of these, 989 RNA-seq contigs mapped to intergenic
genomic regions, where no gene had been predicted, thus pointing
to possible new S. mansoni genes. The remaining 11,036 contigs
mapped to genomic loci with predicted genes.
These 989 contigs that mapped to intergenic genomic regions
were assembled from 64,849 RNA-seq ESTs, representing an aver-
age of 65.5 ESTs/contig. In order to provide annotation, these con-Fig. 4. Smp_145320 transcript prediction corrected by RNA-seq at its 30-end. The
ﬁgure shows the relative positions of several elements aligned to the sequence of a
portion of Smp_scaff000103 represented by a thin line at the top of the ﬁgure;
labeled marks represent the base-pair coordinates of the genomic sequence in the
scaffold. (A) Original Smp_145320 prediction at its 30-end (exons 11–13, solid black
boxes). (B) Smp_145320 prediction corrected by RNA-seq ESTs. The corrected
prediction of Smp_145320 has two exons (13 and 14; white boxes) starting at
1830 nt downstream of the previously predicted last exon. The corrected prediction
added 118 new amino acids to the C-terminal end of the protein; (C) RNA-seq ESTs
(gray boxes) that were used for extending the original prediction.tigs were aligned with Blast-X to GeneBank NR database (with low-
complexity ﬁltering and e-value threshold of 1e5).
A total of 839 RNA-seq contigs from intergenic regions had no
hits found in the public databases, indicating that these genes ex-
pressed in adult S. mansoni have no homolog in other species; it is
only logical that they have not been predicted in silico by the gene
modeler tools of the genome sequencing project.
Another set of 20 RNA-seq contigs, which had mapped to inter-
genic regions of the S. mansoni genome, were found to be similar
(BlastX e-value threshold of 1e5) to S. mansoni predicted genes
that had been annotated at other genomic loci; they probably rep-
resent gene paralogs. In addition, 107 RNA-seq contigs from inter-
genic regions were similar to genes already detected in other
Schistosoma species, mainly S. japonicum (Hu et al., 2003; Liu
et al., 2006). Finally, 23 RNA-seq contigs from intergenic regions
were similar to genes from other organisms.
Table 3 presents annotation for the top 20 RNA-seq contigs from
intergenic regions with the highest EST counts and with similarity
to other GenBank genes (i.e., annotation different from ‘‘No hits
found’’). These most highly expressed genes represented by RNA-
seq contigs from intergenic regions are all of them similar to genes
from S. japonicum and had not been predicted by the S. mansoni
genome project. Distribution of the number of ESTs per contig is
presented in Fig. 5. It can be seen that over 50% of these 989 new
transcribed gene contigs (Supplementary Table 3) seem to be
highly expressed in S. mansoni adult males, with 20 to more than
60 ESTs per contig (Fig. 5).
Looking for possible new genes transcribed from genomic re-
gions that represent introns of previously predicted genes, we per-
formed a per-scaffold assembly and annotation of RNA-seq ESTs
that mapped to intronic genomic regions. A total of 1196 contigs
mapped to intronic regions were obtained, which were assembled
from 99,681 RNA-seq ESTs. Supplementary Table 4 shows the com-
plete list with annotations. A BlastX search against the GenBank
proteins database revealed that 133 RNA-seq intronic contigs had
similarity to S. mansoni genes previously annotated at other geno-
mic loci, however 91 of them (68%) are transcripts from S. mansoni
transposons and only 42 contigs (32%) possibly represent new S.
mansoni gene paralogs of previously predicted genes (Supplemen-
tary Table 4). An additional 188 RNA-seq intronic contigs had sim-
ilarity to genes of other Schistosoma (mainly S. japonicum) and of
other organisms, and again 71 of them (38%) encode proteins sim-
ilar to transposons of these other organisms. Finally 875 RNA-seq
intronic contigs had no similarities in GenBank and could represent
new protein-coding or ncRNAs uniquely expressed in S. mansoni.
Contigs generated by the Newbler assembly performed for this
analysis, together with those resulting from two additional New-
bler runs (one with only RNA-seq ESTs that had partial hits to
the genome, and another with RNA-seq ESTs that had no hits to
the current genome scaffolds), were deposited at the NCBI TSA
division (Transcriptome Shotgun Assembly Sequence Database)
with accession numbers JI387100–JI400294 and can be searched
with standard Blast tools available at NCBI. This deposit consists
of 13,195 contigs P200 nt generated from 1,029,503 RNA-seq
ESTs. Deposited sequences have the following nomenclature:
SmBR-C999999, where C stands for Contigs (singlets cannot be
deposited in TSA).
3.8. RNA-seq has identiﬁed expressed genes that were not represented
in the S. mansoni genome assembly
The best approach to ﬁnd candidate genes absent from the
S. mansoni genome scaffolds is to identify EST transcripts that do
not map to the genome, and at the same time have sequence sim-
ilarity to other Schistosoma (using BlastN/BlastX searches). EST se-
quences that are found by BlastN to be highly similar to nucleotide
Table 3
List of top 20 most highly expressed contigs that mapped to intergenic genomic regions, where no genes had been previously predicted. Only contigs with sequence similarity to
genes from other species were listed here.
Contig Size (bp) # RNA-seq ESTs Annotation
Contig00245-Smp_scaff004342 205 5363 gi|12249164|ref|NP_066214.2| NADH dehydrogenase subunit 4
[Schistosoma mansoni]
Isotig00005-Smp_scaff000007 662 445 gi|5305389|gb|AAD41627.1|AF072328_1 dynein light chain 2
[Schistosoma japonicum] dynein light chain 4 [Schistosoma japonicum]
Isotig00004-Smp_scaff000076 388 303 gi|226469750|emb|CAX76705.1| hypothetical protein [Schistosoma japonicum]
Isotig00003-Smp_scaff000076 386 302 gi|226469750|emb|CAX76705.1| hypothetical protein [Schistosoma japonicum]
Isotig00006-Smp_scaff000414 620 294 gi|226482516|emb|CAX73857.1| Granulins precursor (Proepithelin)
[Schistosoma japonicum]
Isotig00005-Smp_scaff000414 622 259 gi|226482516|emb|CAX73857.1| Granulins precursor (Proepithelin)
[Schistosoma japonicum]
Isotig00004-Smp_scaff000414 744 244 gi|226482516|emb|CAX73857.1| Granulins precursor (Proepithelin)
[Schistosoma japonicum]
Isotig00002-Smp_scaff000076 435 193 gi|226469752|emb|CAX76706.1| hypotheticial protein [Schistosoma japonicum]
Isotig00001-Smp_scaff000076 433 192 gi|226469752|emb|CAX76706.1| hypotheticial protein [Schistosoma japonicum]
Isotig00019-Smp_scaff000001 838 175 gi|76162597|gb|AAX30535.2| SJCHGC04609 protein [Schistosoma japonicum]
Isotig00021-Smp_scaff000001 801 152 gi|76162597|gb|AAX30535.2| SJCHGC04609 protein [Schistosoma japonicum]
Isotig00005-Smp_scaff000543 381 151 gi|171473974|gb|ACB47095.1| SJCHGC01950 protein [Schistosoma japonicum]
Dynein light chain LC6, ﬂagellar outer arm [Schistosoma japonicum]
Isotig00016-Smp_scaff000574 979 145 gi|29841116|gb|AAP06129.1| SJCHGC05452 protein [Schistosoma japonicum]
hypothetical protein [Schistosoma japonicum]
Isotig00020-Smp_scaff000001 802 138 gi|76162597|gb|AAX30535.2| SJCHGC04609 protein [Schistosoma japonicum]
Isotig00036-Smp_scaff000116 372 125 gi|226488971|emb|CAX74835.1| hypotheticial protein [Schistosoma japonicum]
Isotig00020-Smp_scaff000406 600 122 gi|60692530|gb|AAX30632.1| SJCHGC06135 protein [Schistosoma japonicum]
Small nuclear ribonucleoprotein E
Isotig00017-Smp_scaff000189 478 119 gi|226486688|emb|CAX74421.1| hypothetical protein [Schistosoma japonicum]
Isotig00004-Smp_scaff000116 1433 117 gi|156553841|ref|XP_001600241.1| PREDICTED: similar to conserved hypothetical
protein [Nasonia vitripennis]
Isotig00022-Smp_scaff000001 765 115 gi|76162597|gb|AAX30535.2| SJCHGC04609 protein [Schistosoma japonicum]
Isotig00022-Smp_scaff000332 394 109 gi|257206088|emb|CAX82695.1| hypotheticial protein [Schistosoma japonicum]
Fig. 5. Novel evidence of transcriptional activity in intergenic regions of the S.
mansoni genome. Distribution shows the number of RNA-seq EST contigs that map
to S. mansoni intergenic genomic regions devoid of previous gene predictions for
which new evidence of transcriptional activity has been obtained by RNA-seq. Each
column shows the number of RNA-seq intergenic contigs having the amount of
RNA-seq ESTs per contig that is indicated in the x-axis.
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contaminations and need to be manually curated.
We have assembled the 120,501 RNA-seq ESTs that did not map
to the S. mansoni genome and we have taken only the 308 contigs
(assembled from 23,315 ESTs) that were P200 nt long and were
not contaminants, i.e., were not similar to genes from bacteria,
hamster, mouse or human. Comparing these contig sequences with
BlastX to the GenBank proteins database, we found a total of 44
RNA-seq EST contigs that encode proteins similar to proteins pre-
viously described in S. japonicum (Liu et al., 2006; Zhou et al.,
2009); these are shown on Table 4. These contigs represent candi-
date genes expressed in S. mansoni adult males that are not part of
the current genome assembly.3.9. Expression of mitochondrial genes
With RNA-seq we observed an enriched expression of mito-
chondrial genes. Using the Genomic Workbench CLC tool(www.clcbio.com) to align the RNA-seq EST sequences, we identi-
ﬁed a total of 290,527 RNA-seq ESTs (22.7%) that aligned with
mtDNA. It is interesting to note that these reads entirely covered
the previously published sequence and brought new information
permitting to extend and circularize the S. mansoni mitochondrial
DNA molecule (mtDNA). Supplementary document 2 provides
the full-length circular mitochondrial sequence. The new extended
region is marked in yellow. For the publicly available NCBI dataset,
there were 2349 aligned EST sequences (1.1%), which reﬂects the
fact that dbEST is a curated set excluding mitochondrial gene
expression.
3.10. RNA-seq pointed out putative new micro-exon genes
Micro-exon genes (MEGs) are unique genomic structures that
were described exclusively in schistosomes and display a coding
region composed of a number of very small exons (636 bp) in tan-
dem, which are usually symmetrical (i.e., the number of bases is
divisible by 3). A number of these genes have been recently de-
scribed in the S. mansoni genome (Berriman et al., 2009; DeMarco
et al., 2010), using the NCBI previously existing transcript informa-
tion as a start point for construction of gene models. Considering
the small size of such exons their detection by de novo gene predic-
tion is virtually impossible. Therefore, the description of novel
MEGs is dependent on the accumulation of transcript data.
We have performed a detailed analysis of the number and size
of exons resulting from Blat alignment of the RNA-seq ESTs to the
S. mansoni genome, searching for ESTs that were mapped with
three or more exons in tandem, with exon sizes smaller than
37 bp, which could represent potential new MEGs. We were able
to detect RNA-seq ESTs for 18 out of the 31 previously described
MEGs with a complete annotation in the genome. The fact that
not all MEG families were detected in the male transcriptome
was already expected since several of them had been identiﬁed
by mapping ESTs from stages other than adult worms. In fact,
Table 4
S. mansoni RNA-seq EST contigs that do not align with the parasite genome and encode proteins with similarity to S. japonicum proteins.
RNA-seq contig number Annotation accession Annotation of S. mansoni RNA-seq EST contigs that do not align with the parasite genome
Isotig00157 gi|257216408|emb|CAX82409.1| Aspartate–ammonia ligase [Schistosoma japonicum]
Isotig00243 gi|226466806|emb|CAX69538.1| Casein kinase I isoform alpha [Schistosoma japonicum]
Isotig00147 gi|226482293|emb|CAX73747.1| Cleft lip and palate transmembrane protein 1 homolog
[Schistosoma japonicum]
Isotig00218 gi|226468516|emb|CAX69935.1| Coatomer subunit beta [Schistosoma japonicum]
Isotig00349 gi|226482516|emb|CAX73857.1| Granulins precursor (Proepithelin) [Schistosoma japonicum]
Isotig00211 gi|226490248|emb|CAX69366.1| Hypothetical protein [Schistosoma japonicum]
Isotig00240 gi|226480602|emb|CAX73398.1| Hypothetical protein [Schistosoma japonicum]
Isotig00272 gi|226485487|emb|CAX75163.1| Hypothetical protein [Schistosoma japonicum]
Isotig00166 gi|226468590|emb|CAX69972.1| Hypothetical protein [Schistosoma japonicum]
Isotig00337 gi|29841271|gb|AAP06303.1| Similar to XM_026994 hypothetical protein FLJ10743 in Homo sapiens
[Schistosoma japonicum]
Isotig00151 gi|257205632|emb|CAX82467.1| Long-chain-fatty-acid – CoA ligase 5 [Schistosoma japonicum]
Isotig00168 gi|226479000|emb|CAX72995.1| Poly (A) polymerase beta [Schistosoma japonicum]
Isotig00288 gi|226482458|emb|CAX73828.1| Polypeptide GalNAc transferase 6 [Schistosoma japonicum]
Isotig00301 gi|226484492|emb|CAX74155.1| Protein FAM82B [Schistosoma japonicum]
Isotig00143 gi|257215734|emb|CAX83019.1| Protein VHS3 (Viable in a HAL3 SIT4 background protein 3)
[Schistosoma japonicum]
Isotig00242 gi|226482626|emb|CAX73912.1| Putative E3 ubiquitin-protein ligase HERC5 [Schistosoma japonicum]
Isotig00181 gi|226480652|emb|CAX73423.1| Putative X-prolyl aminopeptidase [Schistosoma japonicum]
Isotig00148 gi|226480816|emb|CAX73505.1| RNA-binding region RNP-1 (RNA recognition motif),domain-containing protein
[Schistosoma japonicum]
Isotig00141 gi|56759284|gb|AAW27782.1| SJCHGC00653 protein [Schistosoma japonicum]
Isotig00230 gi|56758120|gb|AAW27200.1| SJCHGC01149 protein [Schistosoma japonicum]
Isotig00311 gi|56752557|gb|AAW24492.1| SJCHGC01345 protein [Schistosoma japonicum]
Isotig00365 gi|56756186|gb|AAW26268.1| SJCHGC01787 protein [Schistosoma japonicum]
Isotig00262 gi|76154478|gb|AAX25955.2| SJCHGC03280 protein [Schistosoma japonicum]
Isotig00317 gi|56753856|gb|AAW25125.1| SJCHGC03676 protein [Schistosoma japonicum]
Isotig00231 gi|76155670|gb|AAX26957.2| SJCHGC04286 protein [Schistosoma japonicum]
Isotig00325 gi|76154276|gb|AAX25764.2| SJCHGC04856 protein [Schistosoma japonicum]
Isotig00105 gi|56756771|gb|AAW26557.1| SJCHGC05086 protein [Schistosoma japonicum]
Isotig00106 gi|56756771|gb|AAW26557.1| SJCHGC05086 protein [Schistosoma japonicum]
Isotig00322 gi|76153610|gb|AAX25227.2| SJCHGC05745 protein [Schistosoma japonicum]
Isotig00314 gi|76153927|gb|AAX25489.2| SJCHGC06001 protein [Schistosoma japonicum]
Isotig00225 gi|56753732|gb|AAW25063.1| SJCHGC06435 protein [Schistosoma japonicum]
Isotig00320 gi|56756471|gb|AAW26408.1| SJCHGC06591 protein [Schistosoma japonicum] prefoldin subunit 4
[Schistosoma japonicum]
Isotig00203 gi|56756869|gb|AAW26606.1| SJCHGC06728 protein [Schistosoma japonicum] Augmenter of liver regeneration
[Schistosoma japonicum]
Isotig00182 gi|76153122|gb|AAX24783.2| SJCHGC06854 protein [Schistosoma japonicum]
Isotig00232 gi|56757455|gb|AAW26895.1| SJCHGC07338 protein [Schistosoma japonicum] Mitochondrial 28S ribosomal protein S6
[Schistosoma japonicum]
Isotig00264 gi|56758960|gb|AAW27620.1| SJCHGC07524 protein [Schistosoma japonicum]
Isotig00177 gi|76157678|gb|AAX28536.2| SJCHGC07825 protein [Schistosoma japonicum]
Isotig00189 gi|76153256|gb|AAX24902.2| SJCHGC08152 protein [Schistosoma japonicum]
Isotig00274 gi|56756370|gb|AAW26358.1| SJCHGC08167 protein [Schistosoma japonicum]
Isotig00194 gi|76154677|gb|AAX26115.2| SJCHGC08851 protein [Schistosoma japonicum]
Isotig00299 gi|226482326|emb|CAX73762.1| Ubiquinol-cytochrome-c reductase complex core protein 2,
mitochondrial precursor [Schistosoma japonicum]
Isotig00309 gi|226482326|emb|CAX73762.1| Ubiquinol-cytochrome-c reductase complex core protein 2,
mitochondrial precursor [Schistosoma japonicum]
Isotig00180 gi|60600730|gb|AAX26822.1| Unknown [Schistosoma japonicum]
Isotig00113 gi|257215734|emb|CAX83019.1| Protein VHS3 (Viable in a HAL3 SIT4 background protein 3)
[Schistosoma japonicum]
G.T. Almeida et al. / Experimental Parasitology 132 (2012) 22–31 29RT-PCRs performed in a previous work conﬁrmed that some MEGs
are not expressed in adults (DeMarco et al., 2010).
In addition, we identiﬁed 11 novel MEGs, each containing 4 or
more micro-exons in tandem in their gene structures. The list of
RNA-seq reads that provided evidence for these 11 novel MEGs is
in Supplementary Table 5. Two are new members of MEG-8 family
and we named them MEG-8.3 (see below) and MEG-8.4. Another
is a new member of MEG-14 family and was named 14.2; a new
member of MEG-1 family was named MEG-1.2. Finally, seven new
families were identiﬁed and namedMEG-19 to MEG-25. Size analy-
sis of the 78micro-exons contained in these 11 newMEGs showed a
predominance of exon sizes thatweremultiple of 3 (Supplementary
Fig. 1), indicating that the tendency for most of these to be symmet-
ric, whichwas previously described (Berriman et al., 2009; DeMarco
et al., 2010), persists in those novel micro-exons identiﬁed here.One example of a novel MEG identiﬁed here was derived from a
set of 15 reads that aligned between bases 75,736 and 86,863 on
Smp_scaff000431genomic scaffold, which was previously devoid
of any gene annotation. Eleven of the mapped reads allowed the
description of a gene displaying 10 exons and, with the exception
of the two ﬂanking exons, all of the other eight exons display sizes
smaller than 36 bp and are symmetrical (Fig. 6), which make this
gene a typical MEG. In addition, the protein encoded by this tran-
script displays a secretion signal detected by SignalP program and
is similar to MEG-8.1 protein, which leads us to name this new
gene as MEG-8.3. Three other reads have indicated the production
of an alternatively spliced transcript, with the use of an alternative
splicing site that expanded a 15 nt exon to a size of 56, and another
read suggests a transcript that is initiated at a different 50-end exon
(Fig. 6).
Fig. 6. Gene structure of MEG-8.3 micro-exon gene. Deduced structure for micro-exon gene (MEG) 8.3 is displayed in the ﬁgure, based on mapping RNA-seq ESTs to the
genome. White bar above represents the portion of the genomic scaffold in which the transcripts were mapped (scaffold coordinates are shown). Thick lines represent coding
region for exons, medium lines UTR regions and thin lines the introns. Exons are shown to scale, but for illustrative purposes intron lengths are not proportional to size.
Numbers above exons indicate exon sizes (in nucleotides).
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With next generation large-scale sequencing, millions of ESTs
can be generated in a fast and affordable manner, an approach that
is currently known as RNA-seq; this approach is unique in provid-
ing gene prediction conﬁrmation and/or correction of in silico pre-
dictions for which there were no previous evidence of
transcription, and in establishing new predictions. Here, we have
provided examples of all these events.
It is noteworthy that out of the 2836 predicted genes without
previous EST evidence of expression in S. mansoni, a total of 990
(35%) were conﬁrmed here for the ﬁrst time as expressed in adult
male parasites. Among the top 20 most highly expressed genes in
this category, 70% are annotated as hypothetical (Table 2). Inspec-
tion of the number of RNA-seq reads per gene among these top 20
genes shows that they have a much lower expression
(37–115 reads/gene) than the top 20 most abundant genes in male
parasites (4581–31,570 reads/gene, see Supplementary Table 1). It
is apparent that RNA-seq is a sensitive method that is able to iden-
tify more genes in a given stage than in previous approaches. It is
important to consider when studying any particular transcripts
that had been previously detected as speciﬁc to other life cycle
stages, that they may have now been identiﬁed in males as well,
however at lower levels of expression. In the same way, genes that
have been detected here, and are so far only described in male par-
asites, may well be less transcribed in other stages that had not
been yet sampled by RNA-seq, thus not necessarily representing
male speciﬁc genes.
It is interesting to note that 58 among the top 100 most highly
expressed genes in S. mansoni male parasites are annotated as
hypothetical (Supplementary Table 1), comprising 197,538 RNA-
seq reads, which represent a total of 21% of the RNA-Seq reads that
map to predicted genes (931,547 RNA-seq ESTs). We argue that the
highly expressed hypothetical genes with unknown function de-
tected in both groups, i.e., genes with or without previous EST evi-
dence of expression (see Table 2 and Supplementary Tables 1 and
2), must play an important role in S. mansoni biology, and consti-
tute good candidates for further functional characterization by
RNAi partial knockdown.
Regarding correction of in silico predictions, the examples
shown here in Figs. 3 and 4 are typical of a frequent situation
where the last exon has an incorrect in silico prediction. This error
frequently precludes the use of predicted sequence information for
designing a primer at the predicted 30-end, for ampliﬁcation by
PCR. It should be noted that all of our sequences have been assem-
bled and deposited at the TSA division of GenBank, and they be-
come part of the nt/nr database that is searchable with the Blast
tool. We suggest that a full-length genomic sequence from a locus
that harbors a predicted gene of interest, and eventually additional
genomic sequence within 5 kb in the vicinity of this gene locus, be
used as queries against GenBank nt in order to retrieve all available
evidence of transcription for that locus obtained here from RNA-seq, in order to conﬁrm and/or adjust the structure of a predicted
gene of interest.
Finally, regarding novel gene predictions, we highlight the iden-
tiﬁcation of 16 novel micro-exon genes (MEGs), adding to the list
of 31 previously identiﬁed MEGs (Berriman et al., 2009; DeMarco
et al., 2010). Micro-exons had been described in humans, Drosoph-
ila melanogaster, Caenorhabditis elegans and Arabidopsis thaliana
(Volfovsky et al., 2003), however in all these species only a single
micro-exon was detected per each gene. Micro-exon genes com-
prised of a number of micro-exons organized in tandem in the
same transcript have been only identiﬁed in S. mansoni so far
(Berriman et al., 2009; DeMarco et al., 2010). MEG proteins have
been conﬁrmed by mass spectrometry analysis of S. mansoni secre-
tions from migrating schistosomula and mature eggs (DeMarco
et al., 2010) and they may represent a molecular system for creat-
ing protein variation through alternate splicing of the short sym-
metric exons organized in tandem. Expression of MEGs might be
part of the immune evasion mechanisms by schistosomes and
identiﬁcation of the entire set of MEGs in S. mansoni might be an
important step towards effectively intervening in the host–parasite
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